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Plio-Pleistocene diversification and biogeographic barriers in southern 
Australia reflected in the phylogeography of a widespread and common 
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Abstract 
Palaeoclimatic events and biogeographical processes since the mid-Tertiary have played an 
important role in shaping the evolution and distribution of Australian fauna. However, their 
impacts on fauna in southern and arid zone regions of Australia are not well understood. Here 
we investigate the phylogeography of an Australian scincid lizard, Tiliqua rugosa, across 
southern Australia using mitochondrial DNA (mtDNA) and 11 nuclear DNA markers 
(nuDNA), including nine anonymous nuclear loci. Phylogenetic analyses revealed three 
major mtDNA lineages within T. rugosa, geographically localised north and south of the 
Murray River in southern Australia, and west of the Nullarbor Plain. Molecular variance and 
population analyses of both mtDNA and nuDNA haplotypes revealed significant variation 
among the three populations, although potential introgression of nuDNA markers was also 
detected for the Northern and Southern population. Coalescent times for major mtDNA 
lineages coincide with an aridification phase, which commenced after the early Pliocene and 
increased in intensity during the Late Pliocene-Pleistocene. Species distribution modelling 
and a phylogeographic diffusion model suggest that the range of T. rugosa may have 
contracted during the Last Glacial Maximum and the locations of optimal habitat appear to 
coincide with the geographic origin of several distinct mtDNA lineages. Overall, our analyses 
suggest that Plio-Pleistocene climatic changes and biogeographic barriers associated with the 
Nullarbor Plain and Murray River have played a key role in shaping the present-day 
distribution of genetic diversity in T. rugosa and many additional ground-dwelling animals 
distributed across southern Australia. 
 
Key word: Mitochondrial DNA, Nuclear DNA, Anonymous nuclear loci, Next generation 
sequencing, Plio-Pleistocene, Phylogeography, Tiliqua rugosa, Scincid lizard, Nullarbor, 
Murray River. 
 
  
  
 
1. Introduction 
Global climates have varied significantly over the periods during which present-day 
species originated and diversified. These fluctuations have affected the evolution and 
distributions of current species, particularly in the Northern Hemisphere where Ice-Age 
glaciations led to periodic range contractions followed by expansions of the range of species, 
which in turn led to genetic differentiation and diversification (Bhagwat and Willis, 2008; 
Cooper et al., 1995; Hewitt, 2000, 2004; Pielou, 1991; Taberlet et al., 1998). However, less is 
known about the effects of Plio-Pleistocene climate change on the present-day diversity of 
species in the Southern Hemisphere where the effect of glaciation was less pronounced and 
where processes may have been more complex (Byrne et al., 2008). This lack of knowledge 
is particularly true of southern Australia (Byrne et al., 2008), which is the focus of our study. 
Phylogeography involves a study of the geographical distribution of genealogical 
lineages (Avise et al., 1987) and when applied in comparative multi-species studies, it can 
help deduce the historical processes that have shaped the evolution and distribution of 
species. Such studies provide valuable information for identifying refugia and biogeographic 
breaks within species, and hence for predicting how species may respond to future climate 
change (Scoble and Lowe, 2010). To date, there have been only a limited number of 
phylogeographic studies of species distributed in southern Australia. Many of these studies 
have been either regionally restricted (e.g. to south-western or south-eastern Australia; Byrne 
et al., 2011; Chapple et al., 2011; Chapple et al., 2005; Edwards et al., 2012; Schauble and 
Moritz, 2001; Symula et al., 2008) or have operated at the inter-species level (Dubey and 
Shine, 2010; Lanier et al., 2013; Rabosky et al., 2014), which may not have revealed recent 
evolutionary processes that have promoted genetic subdivision within species. Hence, there is 
a need for additional phylogeographic studies of southern Australian taxa with different 
ecologies, life histories and varying degrees of dispersal to fully understand the nature of 
refugia in past climates and the influence of biogeographical barriers in shaping their genetic 
structure and in speciation.   
Two major barriers, the Nullarbor Plain and the Eyrean Barrier (Flinders Ranges–Lake 
Eyre Basin) (Fig. 1) have been proposed to play a key role in shaping the present-day 
diversity of fauna in southern Australia (Byrne et al., 2008; Dolman and Joseph, 2012, 2015). 
The Nullarbor Plain, a region in the centre of southern Australia spanning 700 km (Fig. 1), 
currently forms a major biogeographic barrier of unsuitable habitat for mesic adapted species 
between Australia's temperate mesic zones in the south-west and south-east (Crisp and Cook, 
2007; Dolman and Joseph, 2012; Webb and James, 2006). This region has acted as a barrier 
since the late Miocene following the uplift of the Nullarbor Plain and the widespread 
development of aridity on the Australian continent (Bowler, 1976; Hill, 1994; McGowran et 
al., 2004). A proposed return to wetter conditions in the early Pliocene (Sniderman et al., 
2016) may have enabled some geneflow and dispersal of mesic taxa across the Nullarbor, 
until aridity deepened once again during the Late Pliocene/Pleistocene. A major question, 
however, is whether the Nullarbor potentially acted as a biogeographic barrier for semi-arid 
and/or arid adapted species during Pleistocene glacial maxima. Pollen and diatom analyses, 
alluvial stratigraphy, and analyses of lake shorelines and desert dunes generally indicate that 
Australia was a significantly colder and drier landscape during glacial maxima (Byrne et al., 
2008; Williams et al., 2009), with sea levels up to 125 m lower than current levels (Murray-
Wallace and Woodroffe, 2014), exposing the continental shelf of the present day Great 
Australian Bight. Estimates of divergence times of populations of several bird species with 
continuous or patchily continuous distributions across the Nullarbor provided evidence for 
diversification during the Pleistocene and little evidence for gene flow across the exposed 
  
continental shelf during glacial maxima (Dolman and Joseph, 2012, 2015), suggesting that 
aridity/cold climatic conditions may have impacted the distribution of species.  
The Lake Eyre Basin/Eyrean depression in South Australia has also been proposed as a 
Quaternary aridity barrier, largely from studies of bird species distributed across this region 
(Dolman and Joseph, 2015; Ford, 1987; Ford, 1974; Joseph et al., 2006; Keast, 1961; 
Schodde, 1982). The Flinders Ranges, located east of the barrier is a major upland region, has 
been proposed to have provided wetland conditions during glacial maxima (Williams et al., 
2001), and hence may have acted as a possible refugium for plants and animals in the region 
following the expansion of arid conditions. 
A lesser-known biogeographic break occurs in the Murray River basin, a region 
spanning 300,000 km
2
 in south-eastern Australia containing the outflow of the Murray River 
system (Fig. 1). The history of the basin was characterised by marine transgressions in the 
mid to late Miocene, an ancient Murray River system that was recently proposed to follow a 
course through western Victoria, followed by the establishment of a mega (50,000 km
2
) lake, 
Lake Bungunnia ~ 2.5 Ma, until ~700 Ka, when the modern Murray River was finally 
established (McLaren et al., 2011; Stephenson, 1986). The river now has highly variable 
flows, with large to medium floods occurring seven years per decade, but the river is also 
known to have extensively dried nearly once every century (Close, 1990), suggesting it 
would only be a semi-permeable barrier to gene flow. Nevertheless, major genetic 
discontinuities at the Murray basin/ Murray River have been found in several organisms 
including marsupial dunnarts (Cooper et al., 2000), frogs (Schauble and Moritz, 2001; 
Symula et al., 2008), skinks (Chapple et al., 2011; Chapple et al., 2005), and grasshoppers 
(Kawakami et al., 2009), with divergence estimates for mtDNA lineages falling in the Plio-
Pleistocene.  
The monogamous skink Tiliqua rugosa, commonly known as the sleepy lizard, can be 
used to explore historical barriers and refuges due to its widespread distribution across semi-
arid and mesic zone regions of southern Australia (Bull, 1987; Greer, 1989). Its current 
distribution crosses each of the above-proposed historical barriers (Fig. 1), providing an 
opportunity to further investigate their influence on the biogeographic history of southern 
Australian arid and semi-arid zone species.  
We obtained DNA sequences using a mixture of Sanger and next generation 
sequencing (NGS) technology (Illumina Miseq) from T. rugosa across the entire current 
range of the species from one mitochondrial gene, NADH Dehydrogenase subunit 4 (ND4), 
and 11 nuclear genes including nine anonymous nuclear loci (ANL). We conducted a range 
of phylogenetic and population analyses to determine whether genetic discontinuities (distinct 
mtDNA clades or nuclear DNA haplotypes) are associated with each of the three 
biogeographic barriers in southern Australia referred to above (Nullarbor, Eyrean and 
Murray) and whether the time-course for genetic divergence is associated with climatic 
changes during the Pleistocene. We also used species distribution climatic and 
phylogeographic diffusion model analyses (Lemey et al., 2010) to determine whether there 
were putative historical refugia during glacial maxima and whether they coincided with the 
geographic location of lineage ancestors. 
 
2. Material and Methods 
2.1. Sampling 
We obtained frozen or alcohol-preserved tissue and blood samples from 76 specimens 
of T. rugosa from across the geographical range of the species in Australia held by the South 
Australian Museum (SAM) and the Australian Biological Tissue Collection (ABTC) (Fig. 1 
and Table S1). All samples were collected under appropriate permits (approval no. E324).  
 
  
2.2. DNA extraction and Sanger sequencing 
DNA was extracted using a salting out extraction procedure (Miller et al., 1988) from 
frozen or alcohol-preserved tissues and blood samples. We performed polymerase chain 
reaction (PCR)-amplification of the mitochondrial gene ND4 using a combination of primers 
M245, M246 (Gardner et al., 2008), and M256 (Saint and Smith, unpublished; see Table S2).  
The ND4 mitochondrial gene region has proved to be extremely informative for 
phylogeographic studies of squamate reptiles (Greaves et al., 2007; Liggins et al., 2008a, b; 
O’Neill et al., 2008). In addition, we sequenced two single-copy nuclear loci, the non-
encoding intron 7 of β-fibrinogen, and glyceraldehyde-3-phosphate dehydrogenase (GAPD), 
described by Dolman and Phillips (2004). PCR-amplifications were performed in 25µL 
volumes, containing 1× reaction buffer, 0.2 mM of each primer, 0.8 mM dNTP and 2 mM 
MgCl2 for mtDNA loci and 4 mM MgCl2 for nuclear loci, plus DNA polymerase (AmpliTaq 
Gold™, Applied Biosystems). The cycling profile included a single cycle of 10 min at 94 °C, 
followed by 34 cycles of 45 s at 94 °C, 45 s at 55 °C and 1 min at 72 °C, ending with 6 min at 
72 °C and 30 s at 25 °C. PCR products were purified for sequencing using a multiscreen PCR 
384 Filter Plate (Millipore) and sequenced using ABI Prism Big Dye Terminator Cycle 
Sequencing chemistry and the manufacturer’s recommended protocol. The sequencing 
programme consisted of 3 min at 96 °C, followed by 30 cycles of 30 s at 96 °C, 15 s at 50 °C 
and 4 min at 60 °C, ending with 1 min at 25 °C.  Reaction products were purified using 
Multiscreen®384-SEQ Plates and a vacuum manifold, resuspending the products in 25µL of 
0.3mM EDTA. Capillary separation of sequencing products was out-sourced to the 
Australian Genome Research Facility (AGRF, Adelaide; www.agrf.org.au). We used the 
software packages Molecular Evolutionary Genetics Analysis (MEGA) v6 (Tamura et al., 
2013) to edit and align sequences of all individuals for all three markers. 
 
2.3. Anonymous nuclear loci next generation sequencing 
All 76 specimens were additionally sequenced for nine ANL (Tiru-9, Tiru-16, Tiru-23, 
Tiru-34, Tiru-39, Tiru-44, Tiru-45, Tiru-46 and Tiru-48; Hojat Ansari et al., 2014) using the 
Illumina MiSeq platform (Table S2) following the protocol described by Hojat Ansari (2016). 
Briefly, we amplified the specified ANL loci following the multiplex-ready PCR technology 
protocol (MRT) (Hayden et al., 2008). Firstly, we modified the forward and reverse locus 
specific (LS) primers to include a linker of 15bp (ACGACGTTGTAAAA) and 16bp 
(CATTAAGTTCCCATTA) respectively, at their 5´ ends. Then we developed a tag primer 
composed of a universal adaptor for Illumina MiSeq (P5 or P7), and 8 bp MID tags 
(barcodes) plus Illumina sequencing primer (Read 1 and Read 2) and the linker. The linkers 
allow the tag primer to attach to the LS Primer during the PCR, in order to barcode tag and 
multiplex our amplicons for a single MiSeq run.  Each lizard sample was PCR-amplified 
using a specific tag primer with a unique MID tag, and the same MID tag was used across the 
different loci (PCR conditions are included as supplementary information: Table S3). Pooled 
amplicons were sequenced on an Illumina MiSeq Platform for 250bp paired end read length 
at the AGRF (Melbourne, Australia) following standard protocols.  
We assessed the read qualities using FASTQ (http:// www. bioinformatics.Babraham. 
ac.uk/projects/fastqc/) and also CLC genomic workbench v7.5.0 (http://www.clcbio.com).  
The reads were then trimmed, so that the base quality scores (Q) were greater than 30, using 
the CLC genomic workbench. Finally, we performed de-multiplexing on MITAGSORTER 
workbench (Hojat Ansari, 2016), and sorted the sequences for each individual at each 
targeted locus. The reads for each locus were mapped to a database of reference sequences 
(ANL sequences from Hojat Ansari et al., 2014) using CLC Genomics workbench v7.5.0. We 
culled reads that did not align to the references. We constructed our ANL haplotype 
sequences and checked them by visual review of the aligned reads through CLC genomic 
  
workbench and also by using Geneious v8.1 (Kearse et al., 2012). The haplotypes were 
aligned for all individuals and loci using Geneious v8.1.  
Sequencing of the β-fibrinogen intron 7 and GAPD indicated that several sites were 
heterozygous for single nucleotide polymorphisms (SNPs). In these cases, haplotype phases 
were reconstructed using a Markov chain Monte Carlo algorithm as implemented in PHASE 
v2.1 (Stephens and Scheet, 2005; Stephens et al., 2001). This program was run multiple times 
for each dataset and haplotype frequencies and goodness of fit measures were compared 
across runs to assess the reliability of results.  
 
2.4. Diversity analyses  
We calculated standard diversity statistics including haplotype and nucleotide (π) 
diversities, number of haplotypes (h), number of polymorphic sites (s), level of variation 
among and within populations for the populations delineated based on the mtDNA lineages, 
for mtDNA and each nuclear marker separately, using Arlequin v3.5.1 (Excoffier and 
Lischer, 2010) and MEGA v6 (Tamura et al., 2013). 
 
2.5. Phylogenetic analyses and molecular dating 
We used a Bayesian Information Criterion implemented in the software package 
MEGA to find the most likely model of sequence evolution for our ND4 dataset. This 
analysis indicated that an HKY+ I +  model (Hasegawa et al. 1995) was most appropriate 
and this model was used for subsequent Bayesian phylogenetic analysis. Phylogenetic trees 
were initially constructed for ND4 sequences using neighbour-joining (NJ; Wielstra et al., 
2013) based on uncorrected “P” distances with MEGA v6 (Tamura et al., 2013). In addition, 
we generated a haplotype network for T. rugosa mtDNA data. We used a Maximum 
Likelihood (ML) tree constructed with MEGA v6 (Tamura et al., 2013) and a HKY+ I +  
model of DNA evolution and HaploViewer (available at http: //www.cibiv.at/~greg/ 
haploviewer) to generate the haplotype network. 
We then performed Bayesian phylogenetic analyses for the ND4 sequences using 
BEAST v1.6.2 (Drummond and Rambaut, 2007). Additional sequences of species closely 
related, but forming an external monophyletic clade to T. rugosa (Gardner et al., 2008), were 
included in our phylogenetic analyses as outgroups (five species of Egernia: E. cunninghami, 
KM211515; E. striolata, KM211516; E. saxatilis, KM211517; E. hosmeri, KM211518; and 
E. stokesii KM211519). We also included two Tiliqua species for dating of ancestral nodes 
and to help root the T. rugosa haplotype tree (T. adelaidensis, KM211511; and T. scincoides 
KM211512). For Bayesian analysis, we used two approaches to estimate relative divergence 
times for T. rugosa lineages using the total ND4 sequence data set (n=83). Analyses were 
performed for 70 million generations, sampling every 10,000 and with a burn-in period of 1 
million generations after examining likelihood trace plots in Tracer v1.5 (Rambaut and 
Drummond, 2009). We applied a Birth and Death, and Bayesian Skyline, as tree priors in 
separate analyses, the latter providing similar results and is presented as supplementary 
material only. We used Tracer v1.5 to estimate the effective sample size of each parameter, 
check for model convergence, and visualize parameter plots.  
To time-calibrate our phylogenies, we first used the estimated divergence time between 
Egernia and Tiliqua as a calibration point, based on fossils attributable to Egernia that date to 
the late Oligocene to early–middle Miocene, 23 to 15 million years ago (MYA) (Hutchinson, 
1992; Martin et al., 2004; Shea and Hutchinson, 1992). In support of these dates, Estes (1984) 
reported the presence of both Tiliqua and Egernia in the middle Miocene (ca. 15 MYA). To 
constrain the divergence age priors, we used a lognormal distribution (Drummond et al., 
2006; Ho et al., 2007; Ho, 2007) with an offset of 15 MYA and standard deviation (SD = 
0.907) so that 95% of the sampled divergence date priors fell within the 15-22 MYA time 
  
span. However, as the fossil age is not an exact time and the mutation rate estimate (see 
below) is based on the divergence rate of mtDNA in other reptilian species, the haplotype 
divergence times estimated here should be interpreted cautiously. 
As a secondary approach for estimating divergence times for the T. rugosa phylogeny, 
we used a strict clock model and applied a rate of 1.0/mutations/site/generation in order to 
define the resulting branch lengths in units of mean nucleotide substitutions per site. The 
branch lengths can then be converted to years using mutation rate and generation time. We 
used Tracer v. 1.5 (Rambaut and Drummond, 2009) to reconstruct the Bayesian skyline plot 
(Fig. S1 B, C). Based on estimates from other squamate groups, mitochondrial mutation rates 
range from 0.47% to 2.3% per million years (Ma). The lower limit was based on an estimate 
by Zamudio and Greene (1997) for viper mtDNA. The upper limit of 2.3% per Ma was 
derived from analyses of Canary Island skinks and Balearic Islands lacertids (mean rate of 
2.05% per Ma) reported by Brown and Pestano (1998) and Brown et al. (2008). However, to 
convert the branch length to years in our study, we used a divergence rate of 0.65% per Ma 
which is in the range of mitochondrial mutation rates (0.47%-2.3%) as mentioned above and 
also has been used in the study of agamid lizards (Hugall and Lee, 2004).  To estimate 
generation time, we used demographic studies of T. rugosa that have suggested this 
viviparous Australian skink lives for more than 30 years (Bull, 1995) and usually takes 
approximately three years to reach maturity (Bull, 1987). Not all females are receptive every 
year and they may skip reproduction in some years due to their reproductive morphology 
(Egan, 1984), and environmental or body conditions (Bull and Pamula, 1996). However, for 
simplicity, we applied the age at sexual maturity (three years) as the value for generation 
time. 
 
2.6. Continuous-diffusion phylogeographic analysis 
We defined the geographic origin of T. rugosa populations using a Relaxed Random 
Walk (RRW) diffusion model in Beast v2.2.1 (Bouckaert et al., 2014). This model 
reconstructs the spatial diffusion process across a continuous landscape at any point of time 
by using the geographical sampling location of the sequences. The RRW model accounts for 
uncertainty in tree topology and allows variation in diffusion rates along the phylogeny 
branches (Lemey et al., 2010). The analyses allow an estimation of the geographical location 
of the most recent common ancestor (MRCA) of each lineage.  These potentially represent 
the locations of refugia from which each lineage has spread subsequently. We included only 
T. rugosa individuals for the RRW model analysis, excluding outgroup taxa. An initial run of 
70 million generations with sampling every 10,000 generations using the RRW model 
resulted in low values for effective sample sizes (ESS). Therefore, we performed three 
independent runs of 400 million generations, sampling every 10,000 generations, and used 
Log Combiner v2.2.1 (Bouckaert et al., 2014) to obtain a combined estimation of the 
posterior parameters across the three runs. We estimated the maximum clade credibility 
(MCC) tree using Tree Annotator. We then projected the MCC tree onto geographic 
coordinates using SPREAD v1.0.6 (Bielejec et al., 2011) and visualized the generated kml 
file in Google Earth. 
 
2.7. Analyses of nuclear genes  
Nuclear haplotype networks were generated for each locus with HaploViewer 
(available at http://www.cibiv.at/~greg/haploviewer) using a ML tree constructed with 
MEGA v6 (Tamura et al., 2013). The most appropriate model of evolution for each nuclear 
locus was calculated separately, prior to the construction of the trees using the software 
package MEGA v6 (Table S4). To calculate the genetic distances for the multiple loci, we 
constructed a single genetic distance matrix by combining the allele distance matrix from 
  
each locus using POFAD (Joly and Bruneau, 2006). We generated the distance matrix for 
each locus using uncorrected p genetic distances in MEGA v6 (Tamura et al., 2013). 
Consequently, we calculated a mean pairwise distance from the 11 distance matrices using 
POFAD. In addition, we coded the individuals for the 11 loci based on their haplotypes using 
the GenAlEx v6.5 (Peakall and Smouse, 2006, 2012), and then calculated genetic distances 
for the multiple loci. In all subsequent analyses based on genetic distances, we first used the 
multilocus genetic distance matrix generated by GenAlEx and the second matrix generated by 
POFAD.  
We performed an analysis of molecular variance (AMOVA) using Arlequin v3.5.1 
(Excoffier and Lischer, 2010) to test whether there was statistically significant variation 
among and within populations, defined by the major mtDNA lineages (see Results). The 
matrix of nuclear multi-locus genetic distances was also used to perform a principle 
coordinate analysis (PCoA) in GenAlEx (Peakall and Smouse, 2006, 2012). In addition, to 
identify and cluster sequences as an alternative approach, a Discriminant Analysis of 
Principle Components (DAPC; Jombart et al., 2010) was performed using the Adegenet 
package in R (Jombart and Collins, 2015). DAPC is a multivariate approach using 
transformed data from Principal Component Analysis as a prior step to Discriminant 
Analysis, which aims to provide a clear distinction between groups (Jombart et al., 2010). 
The Bayesian Information Criterion (BIC) was used to predict the optimal number of groups 
(K) from K=1 to 10. The number of Principal Components that defined 95% of the variation 
was retained. These analyses were repeated, excluding the populations that were giving the 
strongest patterns to determine whether additional finer-scale structure was present in the 
remaining populations. 
 
2.8. Isolation and migration analyses based on mitochondrial and nuclear genes  
To assess rates of migration among populations of T. rugosa, we performed 
coalescence based analysis using the isolation with migration model (IMa; Hey and Nielsen, 
2004, 2007). The IMa program, uses a Markov Chain Monte Carlo sampling of gene 
genealogies, on the assumption of no recombination within genes, and is used to estimate 
population parameters, such as effective population sizes for ancestral and current 
populations (θ; θ =4Nμ, where μ is the mutation rate per locus per generation and N is the 
effective population size), directional migration rates (m1and m2; m = M/μ, and M is the 
effective migration rate per generation) and population divergence time (t; t = Tμ, and T is the 
divergence time before present in years) among populations. Evidence of recombination was 
only detected for two (β-fibrinogen and GAPD) out of 11 nuclear loci. Subsequently, we 
determined the largest region with no evidence of recombination for these two nuclear loci by 
using the program IMgc (Woerner et al., 2007). Therefore, the full data set from twelve loci 
were included in IMa analysis where we applied a HKY substitution model for the mtDNA 
and an infinite sites model for each of the 11 nuclear loci. We ran IMa multiple times with 
different seeds to find the optimum priors and improve mixing of the chains to reach 
convergence of the different analyses. The final runs included six chains with geometric 
heating scheme (g1 = 0.8, g2 = 0.92). All simulations were run for 100 million generations 
with a burnin period of 1 million steps. The ESS values, chain swapping, mixing and 
convergence rates were assessed to be sufficient following the suggestions in the IMa 
documentation (Hey and Nielsen, 2004).  
 
2.9. The model of species distribution 
We used MAXENT v3.3.3k (Phillips et al., 2006; Phillips and Dudik, 2008) to generate 
a current distribution model for T. rugosa from environmental data and locality records. We 
projected this model onto climatic layers indicating the glacial maximum and interglacial 
  
conditions to assess the possible changes in geographic distribution of the studied species 
across southern Australia under Pleistocene climate fluctuations. We used the present-day 
climatic conditions to represent interglacial climates, and reconstructed conditions of the Last 
Glacial Maximum (LGM) using a community climate system model (CCSM) (Gent et al., 
2011) and a model of interdisciplinary research on climate (MIROC) (Hasumi and Emori, 
2004; Watanabe et al., 2010).  We downloaded the environmental data including six 
bioclimatic variables with 2.5 arc-min resolution from the WordClim website 
(www.worldclim.org). Our selected variables included monthly averages of maximum and 
minimum temperatures (degrees C * 10), monthly total precipitation (mm), mean temperature 
of wettest quarter, precipitation of driest quarter, precipitation of wettest quarter and mean 
temperature of coldest quarter. We used approximately 7000 locality records, from our 
samples and from the Atlas of Living Australian archives for T. rugosa (http: 
//www.ala.org.au. accessed 3 June 2015). 
We used a linear and hinge feature to generate the MAXENT model. Then we 
evaluated the predictive performance of the model through fivefold cross-validation and 
compared the areas under the receiver operating characteristic curves (AUC) to train and test 
data. The output format was selected that scaled an approximate linear probability of the 
presence between 0 and 1. However, we could not use this as a direct estimation of 
probability due to a lack of information regarding the sampling effort for locality records 
(Elith et al., 2011). Therefore, we interpreted our results initially based on differences in the 
probability of occurrence between glacial and inter-glacial conditions, instead of using 
absolute values of probability. 
 
3. Results 
 
3.1. Sequence variability 
The mitochondrial sequence data, collected from 76 individuals, comprised 438 base 
pairs (bp) of ND4 and 137 bp of tRNA, which included tRNA-His, tRNA-Ser and tRNA-Leu. 
This 575 bp fragment contained 95 variable sites, of which 66 were parsimony-informative, 
defining 45 mtDNA haplotypes (Table 1). Fewer individuals were sequenced successfully for 
the nuclear loci due to technical constraints (Table 1). The fragment size for each nuclear 
locus ranged between 119 bp (Tiru-16) to 748 bp (β-fibrinogen). Most individuals had 
heterozygous nuclear loci allowing the identification of two alleles (haplotypes). Each 
nuclear locus contained between six (Tiru-45 and Tiru-46) and 48 (GAPD) haplotypes, with 
between 4 and 50 variable sites detected at each locus (Table 1). 
 
3.2. Mitochondrial phylogenetic analyses and molecular dating 
Phylogenetic analyses and haplotype network analyses revealed three well supported 
mtDNA lineages (bootstrap support values for Neighbour Joining (NJ) and posterior 
probabilities for Bayesian Analyses (BA) were respectively 100 and 1.0). The first, a 
‘Western’ lineage comprised samples from Western Australia (WA). The second, a 
‘Southern’ lineage, comprised samples from south-east of the Murray River in South 
Australia (SA) and Victoria, and the third was a ‘Northern’ lineage, comprised of samples 
from New South Wales (NSW), Queensland (QLD) and north of the Murray River in SA 
(Fig. 2A, B). The division between the Northern and Western mtDNA lineages of T. rugosa 
coincided with the Nullarbor Plain in South Australia. We henceforth refer to the three 
different lineages as the ‘Northern’, ‘Southern’ and ‘Western' populations. 
The entire T. rugosa mtDNA dataset included 45 different haplotypes, 24 from the 
Northern population, eight from the Southern population and 13 from the Western 
population. Haplotype diversity was highest, 0.98 ± 0.01 (standard deviation), in the Northern 
  
population, and lower in the Southern and Western populations (0.82 ± 0.08 and 0.76 ± 0.07 
respectively). The Southern population had the lowest nucleotide diversity (0.005 ± 0.003) 
compared to the other two populations (Western: 0.011 ± 0.006; Northern: 0.02 ± 0.008).  
The mean pairwise differences (uncorrected ‘P’ distances) between mtDNA haplotypes 
from the Northern and Southern populations was 0.7%, among Northern and Western 
populations it was 0.8%, and between haplotypes from the Southern and Western populations 
it was 0.84%. In addition, an AMOVA showed significant (P < 0.005) variation among the 
three populations, with 13.81% of the variation distributed among populations and 86.19 % 
of the variation distributed within populations.  
Using BEAST analyses, and a calibration of the estimated divergence time of 15-22 Ma 
between Egernia and Tiliqua, we obtained a divergence time for the node connecting the 
western mtDNA lineage to a clade comprising the samples east of the Nullarbor of 2.7 Ma 
(95% HPD = 0.9 - 4.9), and an age of approximately 1.5 Ma (95% HPD = 0.4 - 2.7) for the 
divergence time of the Northern and Southern mtDNA lineages (Fig. S1A). Similar age 
estimates for these nodes were obtained also using a Bayesian Skyline plot analysis (Fig. 
S1B, C). Given a generation time of three years in T. rugosa and a mutation rate of 0.65×10
-8
 
per year leads to an estimate of approximately 1.67 MYA for the age of the node connecting 
the Western lineage and the lineages east of the Nullarbor (Fig. S1B, C).  Following the same 
procedure, a divergence time of approximately 1 MYA was obtained for the node connecting 
the Northern and Southern mtDNA lineages (Fig. S1B, C).   
 
3.3. Continuous-diffusion phylogeographic analysis 
BEAST analyses of the geographic origin of T. rugosa populations using the RRW 
model gave generally high values (>100) for the effective sample sizes (ESSs) based on the 
combined results. We present the median estimated location of the MRCA of lineages in Fig. 
2. The Western population originated possibly from multiple refugia near the west corner of 
Western Australia. A southern edge of the Nullarbor Plain near the coastline also defined a 
potential refugial location for the Western population (Fig. 2A, C). The analysis further 
indicates that the Northern population may have been associated with multiple refugia 
(Gawler Ranges and Mount Lofty Ranges) in South Australia. The potential refugial location 
for the Southern population was an area close to, but south-east of the Murray River in South 
Australia (Fig. 2C).  
 
3.4. Nuclear data analysis 
We used haplotype networks to visualise the relationships among haplotypes from all 
nuclear loci, highlighting each of the three populations identified from the mtDNA analyses 
(Fig. 3). The networks for two nuclear loci, β-fibrinogen and GAPD, were generated after 
reconstruction of the haplotype phase, with >90% probability. The networks of different loci 
all showed some degree of haplotype sharing among the three populations, usually for 
haplotypes with the highest frequency (Fig. 3). However, in almost all the loci there were 
multiple private haplotypes associated with each of the three populations, with the exception 
of the loci Tiru-23, Tiru-45 and Tiru-46, where private haplotypes were absent for the 
Southern population (Fig. 3). The PCoA indicated that individuals assigned to the Western 
population formed a relatively distinct cluster, separated from Northern/Southern 
populations, the latter not showing clear differentiation in the analysis of all individuals 
(Fig.S2 A, B). A small number of individuals from the Western population that showed 
admixture with the Northern population were from the boundary of the two populations 
across the Nullarbor Plain.  However, the DAPC analysis confirmed three distinct clusters 
(BIC = 36.55, was minimised when K=3) in which the individuals from each mtDNA 
population were assigned to a distinct group (Fig. 4). Analysis of molecular variance using 
  
multilocus genetic distances showed significant nuclear gene variation among populations 
defined by the three mtDNA lineages with 12 % of the variation distributed among 
populations and 88% of variation within populations.  
 
3.5. IMa analyses 
IMa analyses were used to test whether the three populations defined on the basis of 
mtDNA lineages (Fig. 2) are isolated [e.g. Western vs. all other T. rugosa populations 
(referred to as the NS population) and Northern vs. Southern were analysed].  Following 
recommendations for the IMa protocol, sufficient mixing of chains was achieved for all 
parameters (ESS>50; acceptance>10%). In addition, with the exception of t (time) and θA 
(Ancestral population size), all other parameters showed a unimodal distribution with their 
upper limits returning to zero in the model. Therefore, the credibility intervals for both t and 
θA parameters cannot be defined. We set wider priors for the uniform distributions of these 
two parameters, up to 600, but their coverage was not improved nor did it change their peak 
position. However, the posterior distribution of population size for the Western population 
peaked at 0.16 (95% highest posterior densities (HPD), 0.07 to 0.74), the Northern peaked at 
1.04 (95% HPD, 0.72 to 1.43) and the Southern population peaked at 0.49 (95% HPD, 0.26 to 
0.87). Therefore, the estimated posterior distribution of population size for the Northern 
population is more than six times higher than the Western and nearly two times higher than 
Southern population. The peak of posterior estimates for all parameters and also their 
respective credibility intervals (95% HPD) are presented in the supporting information (Table 
S5). We were able to achieve reliable estimates of the population migration rates (estimated 
by θ × m/2) for all three pairs of population. Accordingly, the estimated migration rate from 
the Western to NS populations was close to zero (0.05; 95% HPD, 0.001 to 2.3) and 0.8 (95% 
HPD, 0.19 to 20.73) from NS to the Western population. The migration rate from the 
Southern to Northern population was nearly zero (95% HPD, 0.004 to 3.1) too, and from the 
Northern to Southern population the migration rate was 2.83 (95% HPD, 0.02 to 10.24).  
 
3.6. Distribution modelling for T. rugosa 
We observed a reasonably high performance of the model across the replications in a 
five-fold cross validation of AUC (0.824 mean AUC ± 0.02 Standard Error) and a lower 
power for random prediction of the model (AUC for random prediction = 0.5). The models 
strongly predicted the current distribution of suitable climate for T. rugosa with a relatively 
good match to the known locations used in the model training (Fig. 5A, B).  
The predictions from the LGM climate models for T. rugosa, in general, indicated that 
there was a reduction of suitable habitat, mainly along the Western Australian coast 
(indicated by a reduction in the red areas; Fig. 5). During the LGM, the coastal regions 
appeared to have remained suitable for T. rugosa across most regions of southern Australia, 
east of the Nullarbor (Fig. 5C, D). However, under the CCSM model, there were some breaks 
in suitable habitat along the Nullarbor Plain coastline, and east of the Gawler ranges (Eyrean 
barrier location). The estimated geographic locations for the refugia based on the continuous 
diffusion phylogeographic analysis (see above), mapped to localities with suitable climate for 
T. rugosa during the LGM (Fig. 5C, D). Two putative refugia in Western Australia were each 
associated with isolated regions of suitable climate, and, similarly, a refugium mapping to the 
Eyre Peninsula was also associated with an isolated region of suitable climate during the 
LGM. 
 
4. Discussion 
This study set out to determine whether genetic discontinuities (distinct mtDNA 
lineages or nuclear DNA haplotypes) were associated with each of three biogeographic 
  
barriers in southern Australia, and whether the time-course for genetic divergence was 
associated with climatic changes during the Pleistocene. We further aimed to determine 
whether there were putative historical refugia during glacial maxima and assess whether they 
coincided with the geographic location of lineage ancestors. Our study has several significant 
findings which we discuss below. 
 
4.1. Phylogeographic structure and environmental barriers in southern Australia 
We found a pattern of strong mtDNA phylogeographic structure within the common 
and widespread Australian squamate, T. rugosa, with evidence for three genetically distinct 
populations: a ‘Western’ population, which occurs to the west of the Nullarbor Plain; a 
‘Northern’ population which is distributed throughout NSW, Queensland and north of the 
Murray River in South Australia to east of the Nullarbor Plain; and a ‘Southern’ population 
with individuals from Victoria and south-east of the Murray River in South Australia (Fig. 1). 
This genetic structure was independently supported by DAPC analyses of 11 nuclear loci, 
with strong differentiation among populations west and east of the Nullarbor Plain (PCoA 
analyses). Furthermore, there were numerous private haplotypes associated with each 
population, further supporting the genetic distinctiveness of the three populations; Fig. 3, S2). 
The IMa analyses indicated that there was limited to no gene flow from either of the Western 
or Southern populations into the Northern population, but evidence for possibly low levels of 
gene flow in the other direction, particularly from the Northern to the Southern population. 
However, the general concordance of population structure based on both mtDNA and nuclear 
genetic markers suggests that there have been major barriers to gene flow associated with the 
Nullarbor Plain and Murray River.  
Alternative explanations for these phylogeographic patterns, such as female philopatry/ 
sex-biased dispersal or selection on the mtDNA genome are unlikely for several reasons. 
First, fine-scale genetic studies of T. rugosa found no evidence for sex-biased dispersal, 
suggesting that females may even disperse further than males (Bull and Cooper, 1999; 
Godfrey et al., 2014). Second, although positive selection acting on the mtDNA genome has 
been reported in a previous phylogeographic study, based in eastern Australia (e.g. eastern 
yellow robin Eopsaltria australis; Pavlova et al., 2013), the general concordance of mtDNA 
and nuDNA population structure, particularly across the Nullarbor region, suggests that 
selection is unlikely to explain the phylogeographic patterns in the T. rugosa data. 
The significant genetic differentiation in T. rugosa on either side of the Nullarbor Plain 
is consistent with this region representing a major historical environmental barrier to gene 
flow (Dolman and Joseph, 2012; Fujioka et al., 2005; Toon et al., 2007). Our analyses 
suggest that the divergence among the western and eastern mtDNA lineages located on either 
side of the Nullarbor Plain dated to approximately the Plio-Pleistocene (2.7 Ma; 95% HPD= 
4.9 – 0.9 Ma). This time period coincides with the progression of a second aridification phase 
on the Australian continent, which commenced after the early Pliocene and increased in 
intensity during the Late Plio-Pleistocene (Byrne et al., 2008; Sniderman et al., 2016).  A 
study of ten bird species with population structuring on either side of the Nullarbor also 
estimated similar divergence times for populations of several species, although evidence for 
later (Pleistocene; < 1 MYA) periods of diversification was found also (Dolman and Joseph, 
2012). Molecular data from non-avian animal taxa distributed across the Nullarbor are 
limited, but the finding of divergent lineages/ populations in the marsupial dunnart 
Sminthopsis griseoventer that are located in the Eyre Peninsula and south-west Western 
Australia that most likely date to the Plio-Pleistocene (Kemper et al., 2012), and taxonomic 
disjunctions in other vertebrates (e.g. Hutchinson, 1992; Kemper et al., 2010) suggest that the 
Nullarbor Plain barrier has had broad impact on geneflow within species.  An earlier time 
period of diversification, associated with the uplift of the Nullarbor Plain and the initial onset 
  
of aridity in Australia around 13-14 MYA, has been identified for 23 sister species of plants 
(Crisp and Cook, 2007), but this hypothesis is unlikely to explain the patterns identified 
within T. rugosa.  
A second major phylogeographic break in T. rugosa occurs at the Murray River, which 
separates the Northern and Southern populations. An estimation of the coalescence time of 
mtDNA haplotypes from the Northern and Southern populations suggests that mtDNA 
lineage divergence likely occurred during the Pleistocene (~1.5 Ma; 95% HPD= 0.4 - 2.7 
Ma). Studies on other species have suggested an approximately similar time-frame for 
divergences between lineages from the north and south of the Murray River. For example, 
cladogensis in Sminthopsis crassicaudata, was estimated at some time during the mid-
Pleistocene to late Pliocene, between 1.3-2.1 MYA (Cooper et al., 2000). This time period 
coincides with a series of warming and cooling/aridity cycles every 100 Ka that resulted in 
major habitat changes (Byrne et al., 2008). Cooper et al. (2000) suggested that Lake 
Bungunnia, an ancient mega-lake occupying the western Murray basin about 3.5 – 0.7 MYA 
(Bowler et al., 2006; Stephenson, 1986), was a possible long-term physical barrier to gene 
flow in S. crassicaudata, prior to the Murray River forming 0.7 MYA. In addition, evidence 
from stratigraphic mapping and luminescence dating indicate that the Murray River has 
continued to actively flow during both glacial maxima and interglacial periods with its outlet 
during the LGM being in the Sprigg Canyon, on the edge of the continental shelf (Hill et al., 
2009; Page et al., 2009; Page and Nanson, 1996). Therefore, despite evidence for drying of 
the River Murray in recent times, in the long-term it has most likely acted as a strong barrier 
to gene flow. This Lake Bungunnia/ Murray River barrier hypothesis is further supported by 
the presence of population genetic breaks centred at the Murray River in frogs (Schauble and 
Moritz, 2001; Symula et al., 2008), other skinks (Chapple et al., 2011; Chapple et al., 2005) 
and grasshoppers (Kawakami et al., 2009) and it may have contributed to population isolation 
of additional ground-dwelling animals such as southern brown bandicoots (Li et al., 2014). 
Our finding of a similar phylogeographical break in T. rugosa lends additional support to the 
hypothesis and further suggests that the barrier has had a broad impact on the 
phylogeographic structure of many ground-dwelling animal taxa distributed across southern 
Australia. 
 
4.2. Evidence for past refugia 
Our study provides evidence for the existence of refugia in southern Australia that are 
associated with each of the three major populations. Predictions for the distribution of T. 
rugosa during the LGM based on both MIROC and CCSM models showed a reduction in the 
favourable climatic range for the species across southern Australia compared with its current 
distribution, particularly in coastal regions of Western Australia (Fig. 5). The models predict 
that the majority of the central east area of southern Australia, and the Adelaide Geosyncline 
(a geological province comprising the Mount Lofty and Flinders Ranges in South Australia) 
remained favourable during the LGM (Fig. 5). The Adelaide Geosyncline has been 
hypothesised to represent a major refugium for Australian arid zone taxa (Byrne et al., 2008; 
Guerin and Lowe, 2013), and our findings, based on the phylogeographic diffusion analysis 
and from the presence of greater mtDNA diversity in the Northern clade, lend further support 
to this hypothesis.  
The estimated geographic location for the MRCAs of the three populations based on 
phylogeographic diffusion analysis corresponded well with the modelling predictions for 
climatically suitable areas for T. rugosa during the LGM. On the other hand, the small sample 
size might have affected the predicted MRCAs locations, therefore the refugial locations 
identified in our study should be considered preliminary. We predicted two refugial locations 
in WA, one in the south-west and a second in the eastern part of WA, just west of the 
  
Nullarbor Plain in a predicted climatically suitable area. Each of these refugia were 
associated with distinct and divergent mtDNA clades, suggesting that they are likely to have 
been refugia over multiple glacial cycles, long enough to lead to reciprocal monophyly of 
mtDNA haplotypes. In addition to the Mount Lofty Ranges, an estimated refugium was also 
identified near the Gawler Ranges on the Eyre Peninsula in SA. The Gawler Ranges has 
previously been proposed to represent a likely refugium for Australian arid zone species 
(Byrne et al., 2008) and the refugia located in this region and the Flinders/Mount Lofty 
Ranges may be associated with an Eyrean barrier. However, a clear phylogeographic break at 
the Eyrean barrier (i.e., two mtDNA lineages, each geographically localised on either side of 
the barrier) was not evident in our study and further analyses (with additional samples and 
genetics data) to specifically test this was out of the scope of our study. Limited samples from 
the Gawler Ranges region and also Victoria lead to uncertainties in these proposed refugial 
locations and we cannot rule out the possibility that refugia were located in regions that are 
currently unfavourable to T. rugosa, e.g. the continental shelf and gulf regions of SA that 
were exposed land during glacial maxima. 
Considering nuDNA variation across the distribution of T. rugosa, there were several 
genetically intermediate individuals from the Nullarbor Plain region, representing a potential 
contact zone for mtDNA lineages (Fig. 4, S2). These individuals likely represent cases of 
nuclear introgression between the Northern and Western populations. The LGM model 
predictions suggest that the Western population may have contracted to a refugium located 
along the coast west of the Nullarbor Plain and was isolated by climatically unsuitable habitat 
from populations to the east of the Nullarbor Plain. These predictions suggest that the 
patterns of nuDNA introgression most likely resulted from secondary contact after the LGM. 
However, further sampling is necessary to determine whether a hybrid zone exists between 
the populations. 
The analyses of nuDNA variation in T. rugosa adjacent to the Murray River also 
showed the presence of individuals that were genetically intermediate between the Southern 
and Northern populations consistent with a pattern of nuDNA introgression (Fig. 3, S2). Low 
level nuDNA introgression from the north to the south was also evident from the IMa 
analyses. However, the presence of shared haplotypes at each of the nuDNA loci (Fig. 3) 
could also be explained by the retention of ancestral haplotypes, rather than through ongoing 
nuDNA gene flow among the populations. Each shared haplotype usually had the highest 
frequency within the species, it was internal in the haplotype network, and it was often 
connected by one or two nucleotide substitutions to numerous private haplotypes associated 
with each of the Southern and Northern populations. Such a haplotype network pattern 
indicates that there has been isolation of the populations, but insufficient time for lineage 
sorting to lead to reciprocal monophyly or fixation of the nuDNA haplotypes (Toews and 
Brelsford, 2012). It is expected that mtDNA will complete the process of lineage sorting 
faster than nuDNA, because it has a fourfold smaller effective population size than for 
nuDNA markers (Hudson and Turelli, 2003; Palumbi et al., 2001; Zink and Barrowclough, 
2008). 
 
4.3. Conclusion 
Our molecular phylogeographic study of the Australian arid/semi-arid zone skink, T. 
rugosa, provides evidence for significant population structuring associated with two major 
environmental barriers, the Murray River and Nullarbor Plain in southern Australia. Our 
study hints at the presence of multiple refugia for this species during previous glacial maxima 
based on both phylogeographic diffusion and species distribution models, with secondary 
contact most likely occurring in the Nullarbor Plain region following climate amelioration. 
  
These findings suggest that phylogeographic breaks are likely to be found in many other 
semi-arid adapted species with broad distributions across southern Australia.  
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Table 1. Standard diversity statistics for mtDNA (ND4) and nuclear loci examined in the 
study. The number of individuals amplified for each locus (N); length of the sequences in 
base pairs (L); number of segregating (polymorphic) sites (S); number of haplotypes (H); 
nucleotide diversity (π).  GenBank numbers (#) available upon acceptance of the manuscript. 
 
Locus N L S H π GenBank # 
mtDNA 76 574 91 45 0.044  
β-fib intron 7 64 748 50 38 0.002  
GAPD 68 307 31 48 0.009  
Tiru-9 67 145 9 11 0.003  
Tiru-16 68 119 9 13 0.003  
Tiru-23 62 160 7 9 0.003  
Tiru-34 65 141 6 7 0.003  
Tiru-39 58 145 8 8 0.005  
Tiru-44 61 125 4 8 0.005  
Tiru-45 42 169 5 6 0.004  
Tiru-46 69 185 5 6 0.003  
Tiru-48 42 128 13 11 0.03  
 
  
  
Figure Captions. 
Fig. 1. Map showing the collection sites of T. rugosa samples used in this study. The light 
orange shading shows the distribution of the species across Australia. The distributions of and 
membership to the genetic lineages identified (see Fig. 2) are presented with different shapes 
and colours. The Northern population is marked with a blue rectangle, the Southern 
population is shown with a solid yellow cross and the Western population is indicated with a 
red star. The phylogeographic barriers, Nullarbor (green), Eyrean (black lines) and Murray 
River (orange line) are also highlighted. The boxed inset map shows the position of samples 
collected around the Murray River (shown in orange) 
Fig. 2. A: Phylogenetic tree of mitochondrial DNA (ND4 region) data from T. rugosa based 
on Bayesian analysis (BA). Values on branches are indices of support >50% for the major 
branches for BA (posterior probabilities) and Neighbour-joining bootstrap values (%). 
Outgroups are shown by vertical bars with a grey colour, western lineages are shown with a 
red colour and yellow and blue vertical bars indicate Southern and Northern populations, 
respectively. The clades that are shown with coloured circles at their nodes in the tree 
represent the MRCAs as indicated in C. The colour schemes are as described in C. B: 
Nucleotide haplotype network for ND4. The colour scheme is the same as in A. C: A map 
showing the estimated geographic location for the MRCAs of the three main lineages. The 
mean location for the nodes are shown with coloured circles. The red circles show the 
estimated location of Western Australian refugia with the darker shade (lineage 1) 
representing a refugium at the western end of the Nullarbor Plain. The Blue colour represents 
the potential geographic location of refugia for the Northern population with the Gawler 
ranges refugium shown with a lighter blue (lineage 1) and Mt. Lofty ranges refugium shown 
with a darker blue (lineage 2). The mean location for the node for the Southern population is 
indicated by a yellow circle. 
Fig. 3. Median- joining network of haplotypes for 11 nuclear markers in T. rugosa. Colours 
represent geographical locations of specimen haplotypes (Red; Western lineage, Blue; 
Northern lineage and Yellow: Southern lineage). A: GAPD, B: β-fibrinogen intron 7, C: Tiru-
9. D: Tiru-16, E: Tiru-23 , F: Tiru-34, G: Tiru-39, H: Tiru-44, I: Tiru-45, J: Tiru-46, K: Tiru-
48 and L: ND4. Circle size and pie slices within each circle are proportional to the number of 
individuals identified with that haplotype and the branch length is proportional to the number 
of mutations. 
Fig. 4. Multilocus analysis of T. rugosa nuclear genetic distances. Scatterplot of a 
Discriminant Analysis of Principal Components created with ADEGENET showing genetic 
distinctions among three populations defined based on mtDNA lineages [Western (Red), 
Northern (Blue) and Southern (Yellow) populations].  
 
Fig. 5. Predicted current and Last Glacial Maximum (LGM) distributions of suitable climate 
for the T. rugosa. Different gridded colours in the maps shows the logistic format for outputs 
from Maxent, that darkest (red) shades had highest probability of occurrence 
(Probability>0.6). A and B show the prediction of the occurrence of T. rugosa in the current 
climate. Little black stars (A) show the current locality records of T. rugosa that we used in 
the models generating. C and D represent the presence of suitable climate during the LGM 
according to CCSM and MIROC models, respectively. Big circles in B, C and D represent 
  
the estimated median of refugial location based on phylogeographic analysis in the current 
study as described in Fig. 2C. 
Fig. S1. A: Bayesian tree for T. rugosa with estimated divergence times based on a fossil 
calibration (divergence time between Egernia and Tiliqua) implemented in Beast. The values 
represent the 95% HPD for tree height. Horizontal dark blue bars show the changes in the 
height that correspond to features of the phylogenetic tree. B: Bayesian Skyline Plot (BSP) 
using a strict clock analysis applied in BEAST. The black line shows the mean plot values 
and the shaded area display upper and lower confidence intervals for the mean estimates. The 
y-axis is the Ne × mutation rate/site, and if we assume that the mutation rates are constant, it 
can be a measure of relative Ne over time. The x-axis is in units of mutation per site (millions 
of years before present shown in brackets). C: Maximum credibility tree from BSP analysis 
with numbers on branches representing mutations per site. Colour schemes for lineages are as 
described in Figure 2A. 
Fig. S2: Principle coordinate analysis showing the ordination of T. rugosa individuals along 
the two principle coordinates (PCo1 and PCo2) A: based on the principle coordinate analysis 
for three populations defined based on mtDNA lineages (Western (Red), Northern (Blue) and 
Southern (Yellow) clades. B: The principle coordinate analysis excluding the Western clade.  
 
  
  
Supplementary Tables 
 
Table S1. List of T. rugosa samples and locality information 
ID Location Lineages Latitude Longitude 
H003 Carnarvon, WA Western lineage -24.883 113.667 
FP1 Shark Bay, WA Western lineage -25.957 114.288 
FP2 Shark Bay, WA Western lineage -25.946 114.325 
27252 Overlander Roadhouse, WA Western lineage -26.4 114.467 
HR1 Hutt River, WA Western lineage -28.078 114.473 
27654 Northampton, WA Western lineage -28.35 114.633 
P14 Moore River, WA Western lineage -31.346 115.528 
V4 Moore River, WA Western lineage -31.35 115.527 
V5 Moore River, WA Western lineage -31.353 115.533 
V6 Moore River, WA Western lineage -31.351 115.521 
V7 Moore River, WA Western lineage -31.351 115.517 
Y1 N Yanchep, WA Western lineage -31.544 115.622 
2854 Mosman PK, WA Western lineage -31.953 115.764 
PP1 Pt Peron, WA Western lineage -32.269 115.688 
K6 Pt Kenn, WA Western lineage -32.367 115.765 
CV1 Canning V, WA Western lineage -32.078 115.898 
2866 Kalamunda, WA Western lineage -31.971 116.068 
M7 Ebrook, WA Western lineage -34.415 116.124 
R18979 Mt Barker, WA Western lineage -34.633 117.833 
R18982 Mt Barker, WA Western lineage -34.628 117.833 
27286 Gairdner, WA Western lineage -34.217 119.067 
R18978 Bremer Bay, WA Western lineage -34.383 119.383 
27284 Fitzgerald River, WA Western lineage -34.033 119.483 
H006 Esperance, WA Western lineage -33.85 121.883 
TR16 Caiguna, WA Western lineage -32.267 125.483 
101 Gunnadorrah Stn. WA Western lineage -30.983 125.867 
R23075 Madura, WA Western lineage -31.917 127.317 
1502 Border Village, SA Western lineage -30.95 128.9 
R23074 Nullabor HS, SA Western lineage -31.433 130.7 
B55 Koonalda Stn, SA Northern lineage -31.567 130.383 
NP1247 Mitcherie RH, SA Northern lineage -31.45 132.833 
R31472 Ceduna, SA Northern lineage -32.133 133.683 
SSEP10 Port Kenny, SA Northern lineage -33.167 134.683 
C109 Gawler Rg. SA Northern lineage -32.128 135.767 
C100 Gawler Rg. SA Northern lineage -32.133 135.767 
R28404 118k ENE Minnipa, SA Northern lineage -32.5 136.0 
R30481 Tumby Bay, SA Northern lineage -34.367 136.133 
  
  
Continued…     
R31592 Port Victoria, SA Northern lineage -34.5 137.483 
R37096 Port Gawler, SA Northern lineage -34.667 138.433 
104675 Willow Springs HS, SA Northern lineage -31.45 138.767 
R40829 Worlds End, SA Northern lineage -33.833 139.067 
BS009 Monarto, SA Northern lineage -35.05 139.117 
H002 Mt. Mary, SA Northern lineage -34.1 139.433 
18542 Mannum, SA Northern lineage -34.867 139.467 
R18590 Black Hill, SA Northern lineage -34.567 139.467 
18541 Blanchetown, SA Northern lineage -34.367 139.6 
R18540 Glenforslan Ranch, SA Northern lineage -34.25 139.65 
4611   Northern lineage -32.384 140.483 
2695 Broken Hill, NSW Northern lineage -31.967 141.45 
27184 Wentworth, NSW Northern lineage -34 141.917 
4377 Sturt NP, NSW Northern lineage -29.062 141.25 
27182 Wentworth, NSW Northern lineage -34.1 141.917 
4383 Sturt NP, NSW Northern lineage -29.072 141.25 
4385 Sturt NP, NSW Northern lineage -29.067 141.25 
2697 Mootwingee, NSW Northern lineage -31.283 142.3 
2394 Ilfracombe, QLD Northern lineage -23.5 144.5 
2363 Blackhall, QLD Northern lineage -24.433 145.467 
4375 Bourke, NSW Northern lineage -30.083 145.933 
Q311 Tambo, QLD Northern lineage -24.883 146.25 
880 Moree, NSW Northern lineage -29.467 149.85 
R18539 Narrung, SA Southern lineage -35.599 139.039 
NP3076 Long Point, SA Southern lineage -35.7 139.167 
NP3056 Magrath Flat, SA Southern lineage -35.867 139.4 
R33828 Tailem Bend, SA Southern lineage -35.25 139.4628 
R21484 Coorong NP, SA Southern lineage -36.183 139.65 
NP3025 Swan Reach, SA Southern lineage -34.568 139.6001 
NP3026 Swan Reach, SA Southern lineage -34.572 139.6 
R22772 Bucks Lake, SA Southern lineage -37.917 140.4 
NP3084 Weona HS, SA Southern lineage -35.45 140.35 
R22773 Bucks Lake, SA Southern lineage -37.912 140.4 
23099 Bool Lagoon, SA Southern lineage -37.133 140.65 
NP3589 Duck Hole, SA Southern lineage -35.483 140.683 
NP3590 Duck Hole, SA Southern lineage -35.478 140.683 
27228 Bordertown, SA Southern lineage -36.3 140.767 
D4060 Jallumba, Vic Southern lineage -36.933 141.95 
D4061 Grampians, Vic Southern lineage -37.2 142.2 
  
Table S2. Primers sequences (5’ – 3’) employed in this study. For next generation sequencing 
we used dual multiplexing approach which MRT tag (linker) sequences are shown bold and 
italic. Illumina adaptors are italic. The position of the MID tags are shown with X and the 
location of locus specific primers (Hojat Ansari et al., 2014) shown with ---.   
 
Locus Primer name Primer sequence (5’ – 3’) 
ND4 ND4 (L) (Forstner and 
Arévalo,1995) 
TGACTACCAAAAGCTCATGTAGAAGC 
 M246 (H) (Gardner et al. 
2008) 
TTTTACTTGGATTTGCACCA 
 M256 (H) (Saint and Smith, 
unpublished) 
CCTTTTATRTTRATTGTKGGKGG 
β-fib intron 7 G375 (F) (Gardner et al. 
2008) 
GACAGAGACAATGATGGA 
 G376 (R) (Gardner et al. 
2008) 
GTGAGGAATAATRCACAAAG 
GAPD GAPD L890 ( Lyons et al. 
1997) 
ACCTTTAATGCGGGTGCTGGCATTGC 
 GAPD H950 ( Lyons et al. 
1997) 
CATCAAGTCCACAACACGGTTGCTGTA 
Tag F 
(P5+MIDtag+Rea
d1+MRT tagF) 
Hojat Ansari 2016 AATGATACGGCGACCACCGAXXXXXXXXA
CACTCTTTCCCTACACGACGCTCTTCCGAT
CT ACGACGTTGTAAAA--- 
Tag R 
(P7+MIDtag+Rea
d2+MRT tagR) 
Hojat Ansari 2016 CAAGCAGAAGACGGCATACGAXXXXXXX
XGTGACTGGAGTTCAGACGTGTGCTCTTCC
GATCT CATTAAGTTCCCATTA--- 
 
  
  
Table S3. PCR mixture and condition used. Tm, temperature; T, time per minute; N, number 
of cycles. 
 
 
 
 
 
 
 
 
 
 
PCR 
Recipe 
volumes in 
µL 
  10nM 20nM 40nM 60nM  
 
 
 
 
 
 
 
 
Thermal 
Cycling 
Step Tm 
°C 
T N 
5X MRT 
Buffer 
 2.4 2.4 2.4 2.4 Initial 
denaturation 
95 10 m 1 
Immolase 
(5µ/ml) 
 0.06 0.06 0.06 0.06 First PCR 
phase 
92 1 5 
1µM Tag 
F* 
 0. 9 0. 9 0. 9 0. 9  50 1.5 
1µM Tag 
R** 
 0. 9 0. 9 0. 9 0. 9  72 1 
locus 
specific 
primer pair 
(0.4µM) 
 0.3 0.6 1.2 1.8  92 0.5 20 
H2o  5.44 5.14 4.54 3.94 63 1.5 
DNA  2 2 2 2 72 1 
Total PCR 
volume 
 12 12 12 12 Second PCR 
phase 
92 0.25 40 
 * P5+MIDtag+Read1+MRT tagF 
** P7+MIDtag+Read2+MRT tagR 
Forward and reverse locus-specific primers were pre-mixed. 
54 0.5 
 72 1 
 Final 
extension 
72 10 1 
 25 1 
 
 
  
  
Table S4. The most likely model of evolution calculated for each nuclear marker using the 
software package MEGA (Modeltest program). 
 
 
 
 
 
 
 
 
 
T92= Tamura 3-parameter; K2= Kimura 2-parameter; JC= Jukes-Cantor; +G: Gamma 
distribution 
Marker ID 
 
The most likely model of evolution 
GAPD T92+G 
β-fibrinogen intron 7 T92 
Tiru-9 K2 
Tiru-16 T92 
Tiru-23 JC 
Tiru-34 JC 
Tiru-39 K2 
Tiru-44 T92 
Tiru-45 JC 
Tiru-46 JC 
Tiru-48 JC 
  
  
 
 
Table S5. Results of IMa analyses (based on the of mtDNA lineages within the T. rugosa 
populations (see Fig. 2). θ1 and θ2 indicate the population size for the two tested populations; 
θA is the ancestral population size; m1 and m2 show the migration rate at which genes come 
into two tested populations (e.g. m1 indicates genes come into population1 and m2 refer to 
genes come into population2); and finally t represents the divergence time between the two 
tested populations. HPD95% represents the lower and upper bound of the estimated posterior 
density interval that provided respectively in brackets. 
 
 
 
 
  
Comparison θ1 θ 2 θ A m1 m2 t 
Western/NS 
0.16 0.17 2.38 10.4 0.57 27.28 
 (0.07-0.74) (0.09-0.85) (0.5-100.11) (5.47-56.02) (0.03-5.55) (2.29-…) 
Northern/Southern 
1.04 0.49 6.27 0.01 11.55 3.25 
 
(0.72-1.43) (0.26-0.87) (1.17-124.8) (0.01-4.42) 
(0.15-
23.55) (1.25-..) 
       
  
 
 
 
  
  
 
 
 
 
  
  
 
 
 
 
  
 
 
 
 
  
  
 
Highlights 
 Mitochondrial and nuclear genetic data show the presence of strong phylogeographic 
structure in lizard species distributed across southern Australia 
 The analyses were consistent with biogeographic barriers at the Nullarbor Plain and 
Murray River, with support for three main populations, one located west of the 
Nullarbor, one located between the Murray River and Nullarbor, and a third 
population located south of the Murray River 
 Molecular clock analyses suggest that diversification occurred in the Plio-Pleistocene 
 species distribution climatic and phylogeographic diffusion model analyses showed 
the presence of one or more refugia associated with each of the three main 
populations 
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